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[57] ABSTRACT

In one form of the invention, a field effect transistor is
disclosed, the transistor comprising: a channel between
a source and a drain, the channel comprising: a first
region 22 of a first semiconductor material having a first
doping concentration; a second region 20 of a second
semiconductor material having a second doping con-
centration, the second region 20 lying above the first
region 22; a third region 18 of the first semiconductor
material having a third doping concentration, the third
region lying above the second region 20, wherein the
first doping concentration is higher than the second and
third doping concentrations; and a gate electrode 12

- lying above the third region 18, whereby an electrical

current flows in the channel primarily in the first region
22 or primarily in the second region 20 by varying a
voltage on the gate electrode 12.

15 Claims, 3 Drawing Sheets
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METHOD FOR FORMING A LINEAR FIELD
EFFECT TRANSISTOR

This is a division of application Ser. No. 08/093,376,
filed Jul. 19, 1993, now U.S. Pat. No. 5,350,936.

FIELD OF INVENTION

‘This invention generally relates to field effect transis-
tors (FETs), and more particularly to FETs with high
dynamic range.

BACKGROUND OF INTENTION

Practical amplifiers fall short of ideal amplification
due to at least two limiting factors: noise and nonlineari-
ttes. Noise added to an amplified signal degrades the
“quality” of low-level signals while device nonlineari-
ties distort large-amplitude signals. The useful range
over which an active device may amplify power is
called the dynamic range. The lowest level signal that
can be amphiied 1s governed by internal device noise.

The highest level signal that can be amplified is deter-
“mined by device nonlinearities which cause distortion.
In addition to minimizing the noise and maximizing the
linearity of the device, it is also desirable to minimize
the dc power required to accomplish this. TMs require-
ment 1s often expressed in a figure of merit equal to the
ratio of the maximum microwave output power (at a
specified level of distortion) to the applied DC power.
The conventional method of specifying the level of
distortion for this figure of merit is called the output
intercept point of third order products, or simply OIP3.
The OIP3 method applies two input signals separated
only slightly in frequency, and of substantially equal,
but adjustable, power. A plot is made of both the funda-
mental frequency output power and the power in the

third order intermodulation product versus the input

power and a linear extrapolation is made of these two
plots. The point where these two extrapolations inter-
sect 1s the OIP3 amplitude, which is read in dBm from
the output power (ordinate) axis.

Attempts to improve amplifier dynamic range fall
into at least two categories: circuit techniques and in-
trinsic improvements in the active device itself. Circuit
techniques, such as feed forward or predistortion, are
effective but can result in complicated and power con-
-suming circuits. Intrinsic device improvements in the
area of microwave FETs have been centered on
schemes to make a device with linear transfer character-
istics, i.e. an FET with constant transconductance,
gm=AlpsAV gs (transconductance equals the change in
drain current divided by the change in gate voltage).

Williams and Shaw (see “Graded Channel FET’s:
Improved Linearity and Noise Figure”, IEEE Transac-
tions on Electron Devices, vol. ED-25, no. 6, pp
600-605, June 1978) in their theoretical study of the
subject emphasized using a special doping profile to
maintain a constant transconductance at all gate volt-
ages. The structure used by Chu, et al (see “A Highly
linear MESFET”, IEEE-MT-Intentional Microwave
Symposium Digest, pp 735-728, 1991), while achieving
constant g, 18 very complex and the gate region is
difficult to fabricate reproducibly using conventional
etching techniques. Applicants have previously dis-
closed a simpler structure than that of the aforemen-
" tioned prior art for obtaining similar results (See Ika-
lainen and Witkowski, “High Dynamic Range Micro-
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2

wave FET”, Electronics Letters, vol. 27. no. 11, pp
945-6, May 23, 1991).

SUMMARY OF THE INVENTION

The prior art has concentrated on maintaining a lin-
ear transconductance versus gate voltage characteristic
In attempts to fabricate transistors with highly linear -
operating characteristics, and hence high dynamic
range. A substrate material structure is disclosed herein
which uses a plurality of dopant layers, one of which
(typically lightly doped indium gallium arsenide, In-
GaAs,) has higher electron mobility and sainted veloc-
ity than highly doped GaAs. This permits a precise
control of the transconductance characteristic of an

FET fabricated on this substate such that the transcon-

ductance is slightly non-linear with respect to gate volt-
age. The controlled transconductance nonlinearity of
this invention compensates for the inherently nonlinear
output conductance of GaAs field effect transistors.
While prior art structures have occasionally displayed a
small degree of this desired nonlinearity, its physical
origin does not appear to be predictable or well under-
stood in those structures. In contrast, the structure de-
scribed herein produces a desired transconductance
nonlinearity that may be enhanced or diminished
through choices in epitaxial layer design.

In one form of the invention, a field effect transistor
is disclosed, the transistor comprising: a channel be-
tween a source and a drain, the channel comprising: a
first region of a first semiconductor material having a
first doping concentration; a second region of a second
semiconductor material having a second doping con-
centration, the second region lying above the first re-
gion; a third region of the first semiconductor material
having a third doping concentration, the third region
lying above the second region, wherein the first doping
concentration is higher than the second and third dop-
ing concentrations; and a gate electrode lying above the
third region, whereby an electrical current flows in the
channel primarily in the first region or primarily in the
second region by varying a voltage on the gate elec-
trode.

In another form of the invention, a field effect transis-
tor 1s disclosed, the transistor comprising: a substrate; a
first channel layer lying above the substrate, the first
channel layer being composed of a first semiconductor
material; a second channel layer lying above the first
channel layer, the second channel layer being com-
posed of a second semiconductor material; a third chan-
nel layer lying above the second channel layer, the third
channel layer being composed of the first semiconduc-
tor material; and a gate electrode above the third chan-
nel layer; wherein the second semiconductor material
has a narrower bandgap than the first semiconductor
material, and further wherein the first channel layer has
a higher doping concentration than the second and third
channel layers. |

- In still another form of the invention, a method for
forming a field effect transistor is disclosed, the method
comprising the steps of: forming a channel between a
source and a drain, the forming of the channel compris-
ing the steps of: forming a first region of a first semicon-
ductor material having a first doping concentration:

forming a second region of a second semiconductor

material having a second doping concentration above
the first region; forming a third region of the first semi-
conductor material having a third doping concentration

~above the second region, wherein the first doping con-
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centration is higher than the second and third doping
concentrations; and forming a gate electrode above the
third region, whereby an electrical current flows in the
channel primarily in the first region or primarily in the
second region by varying a voltage on the gate elec-
trode. |

An advantage of the invention is that it produces a

desired nonlinearity in a transistor in a controllable and
reproducible way. In contrast to prior art structures, the
nonlinearity of the transconductance characteristic of
the invention described herein may be altered in a pre-
dictable manner by changing such parameters as layer
thickness, doping, or material composition. Addition-
ally, the embodiment described herein has exhibited
current conduction in a two-dimensional electron gas at
a heterointerface. This is accomplished in a structure
that 1s more easily fabricated than the traditional in-
verted High Electron Mobility Transistor that is known
in the art because it does not rely on GaAs-over-
AlGaAs epitaxy.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a cross-sectional view of a preferred em-
bodiment device;

FIG. 2a 1s a graph of the transconductance of a prior
art transistor;,

FI1G. 2b 1s a graph of the transconductance of a first
preferred embodiment transistor;,

FIG. 3a 1s a band diagram simulation of a portion of
a first preferred embodiment transistor at a gate bias
voltage of —0.5 V;

FIG. 3b 1s a band diagram simulation of a portion of
a first preferred embodiment transistor at a gate bias
voltage of 0 V;

FIG. 4a 1s a simulation graph showing the doping and
carrier concentration of a portion of a first preferred
embodiment transistor at a gate bias voltage of —0.5 V;
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Corresponding numerals and symbols in the different
figures refer to corresponding parts unless otherwise
indicated.

DETAILED DESCRIPTION OF PREFERRED
| EMBODIMENTS

Applicant’s studies show that, considering nonlineari-
ties up to third-order, it is desirable to have a device
with only approximately constant transconductance,
but that ideally the transconductance vs. gate voltage
characteristic should have a slightly positive curvature,

1.e., the second derivative of g, with respect to gate
voltage should be positive. This allows cancellation of

distortion t0 occur between nonlinear output conduc-
tance and nonlinear g,,. Cancellation has been shown to
be an effective solution to the problematic nonlinearity
of a transistor’s output conductance (see Ikalainen et al,
“Low-Noise, Low DC Power Linear FET”, European
Microwave Conf Proc, August 1992, pp 570-575).
However, while GaAs low-high doping profiles can
exhibit a transconductance characteristic with small
positive curvatures, there is not an easy or predictable
way to control the degree of curvature. FIGS. 2(g) and
2(0) are drawn from Applicant’s results comparing a
side-by-side fabrication of a prior art design with a pre-
ferred embodiment FIG. 2(¢) shows that the transcon-
ductance of the prior art design flattens more than de-
sired at the higher gate voltages (—0.5 V to 0.5 V),
while a first preferred embodiment transistor has a sec-
ond peak in the same voltage range.

A preferred embodiment that addresses this short-
coming of the prior art, and produced the transconduct-
ance trace of FIG. 25, will be described with reference
to FIG. 1 and the Table, which show a material struc-
ture that allows a precise control over transconduct-

ance shape versus gate voltage to produce highly linear
microwave FET amplifiers.

TABLE

W

Element Material -

Approx. Doping
(carriers/cm?)

Approx. Thickness
(A)

M

10 Contact metal NA, 4000
12 Gate metal NA 5000
14 Source/drain 1 X 1018 300-1000, preferably
nt GaAs 500
16  n— GaAs [ X 1019t0 1 x 10'7, 500-2500, preferably
preferably 5 X 1016 2000
18  Etched n— GaAs 1 X 101810 1 X 107, 100-500, preferably
preferably 5 X 1016 250
20 0~ InyGaj_,As, where 1 X 106 to 1 X 1017, 25-150, preferably
0.10 < x < 0.20, preferably  preferably 5 x 1016 100
x = 0.17
22 nt GaAs 1 x 1018 100-500, preferably
300
24 Semti-insulating Undoped 625 um

substrate

M

FIG. 4b is a simulation graph showing the doping and
carrier concentration of a portion of a first preferred
embodiment transistor at a gate bias voltage of 0 V;

FIG. 5a 1s a graph of the second derivative of the
transconductance vs. gate voltage characteristic of a
prior art transistor,

FIG. 3b 1s a graph of the second derivative of the
transconductance vs. gate voltage characteristic of a
first preferred embodiment transistor; and

FIG. 6 1s a graph showing the OIP3 of prior art and
preferred embodiment devices.

60
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The semi-insulating substrate 24 is preferably GaAs,
but other materials such as InP and Si may also be used.
The dopant is typically Si, but may alternatively be an
element such as Sn or Pb, for example. The Schottky
gate 12 1s typically 0.5 um or less in length, and is typi-
cally a composite layer of Ti/Pt/Au. The contact metal
10, typically a composite layer of AuGe/Ni/Au, forms
an ohmic contact to the source and drain 14, and is
typically alloyed so that contact metal 10 spikes
through (shown in FIG. 1 by dashed line 11) and
thereby contacts channel layers 18, 20 and 22. An im-
portant aspect of the preferred embodiment is the low
(18)-low (20)-high (22) nature of the channel doping
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profile. The thickness and doping concentration of
these doping layers effects the desired nonlinear shape
of the FET transconductance versus gate voltage as
described hereinbelow.

In operation, the embodiment transistor has a voltage
applied between the drain and source contacts 10 and a
voltage applied to the gate electrode 12. A channel
comprising first channel layer 22, second channel layer,
20, and third channel layer 18 may be made conductive
or non-conductive by selecting the level of voltage
applied to gate electrode 12. It is convenient to describe
the operation of the transistor as it changes from a con-
dition of pinch-off (i.e. a large negative gate voltage and
non-conductive channel) to a fully open channel (i.e. a
gate voltage close to O V and a fully conductive chan-
nel). As the gate voltage moves from large negative
voltages toward 0 V, the transistor operation goes from
pinchoff (very low transconductance) toward a fully
open channel. The initial source-drain current is earned
by the highly doped first channel layer 22 and the trans-
conductance reaches a fairly constant value (at around
V= —0.5 V) as can be seen in both FIG. 2(a) and FIG.
2(b). However, at higher gate voltages, approaching
and then exceeding O Volts, a portion of the source-
drain current moves into the lightly doped second chan-
nel n—InGaAs layer 20 in the embodiment transistor.
Since the InGaAs second channel layer 20 has higher
electron mobility and saturated velocity than does the
underlying GaAs first channel layer 22, an increase, or
second peak (see FIG. 2b for V¢ > V), in transconduct-
ance can be induced to occur. This can be compared to
the characteristic, shown in FIG. 2a of a prior art GaAs
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FET fabricated on a standard low-high doping profile

substrate without the InGaAs layer.

A more graphical description of the operation of the
embodiment transistor may be had by referring to
FIGS. 3a, 3b, 42 and 4b. FIGS. 3a and 3b are simula-
tions of the band diagram of the three channel layers 18,
20, and 22 (demarcated by dashed vertical lines) under
a gate bias of —0.5 V (FIG. 3a) and 0 V (FIG. 3b). In
FIG. 3a, the regions of the band diagram denoted 18, 20
and 22 represent the GaAs third channel layer, the

InGaAs second channel layer, and the highly doped

GaAs first channel layer, respectively. Comparison of
FIGS. 3a and 3b reveal the bending of the conduction
26 and valence 28 bands and the shifting of the Fermi
level 30 under the change in gate bias from —0.5 V to
0V. |

FIGS. 4a and 4) are companion simulation diagrams
to FIGS. 3a and 3b and show the dopmg density, or
doping concentration, 32 and the carrier concentration
34 in layers 18, 20 and 22 under—0.5 V (FIG. 4¢) and 0
V (FIG. 4b) gate bias. Inspection of FIG. 4a reveals
that a large majority of carders (and thus current) reside
in the highly doped GaAs layer 22, as dictated by the
Fermi level 30 in FIG. 3a. However, at 0 V gate bias in
FIG. 4b, a large spike 36 appears in the InGaAs layer
20. Inspection of FIG. 3b shows that the Fermi level 30
is at or above the conduction band dip at the hetero-
junction between layers 20 and 22. Thus, electrons ac-
cumulate in the dip and form an electron gas, as is seen
in AlGaAs/GaAs High Electron Mobility Transistors
(HEMTSs). So, in addition to the bulk InGaAs layer
having higher electron mobility and saturated velocity
than does GaAs, the interface between the materials has
particularly enhanced carrier transport properties as
well. The second peak i1n transconductance in FIG. 25
results from the applied gate voltage on the transistor
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reaching a level where conduction begins to take place
not only in layer 22, but also in layer 20 and at the
interface between layers 20 and 22.

Control over the scale or size of the second transcon-
ductance peak is possible by varying the second channel
layer 20 thickness, doping concentration, or In-Ga mole
fraction. In general, if the second channel layer 20 is
made to be thicker, the second peak in transconduct-
ance will be enhanced. Similarly, if the doping or In
mole fraction is increased, the peak is expected to be
enhanced. However, there are practical upper limits to
these parameters. The In mole fraction and thickness of
the InGaAs layer are limited to approximately 0.20 to
0.22 and 200 to 250 A, respectively. Thicker layers are
more susceptible to defects induced by the lattice mis-
match at the GaAs/nGaAs boundary. Similarly, as the
mole fraction of In in InGaAs in increased (from 17%),
its lattice constant differs more from that of GaAs, and
an unacceptably strained InGaAs layer results. In gen-
eral, the doping of the InGaAs layer is kept low to
preserve the overall low-low-high doping profile and
hence the advantageous current transport that results in
the second transconductance peak described herein-
above.

FIGS. 3a and 5b are plots of the second derivative of
the transconductance vs. gate voltage characteristic of
the prior art low-high device (FIG. 52) and the first
preferred embodiment low-low-high device (FIG. 5b).
While the darkened line section a-b of the trace in FIG.
Sa indicates that the second derivative is approximately
zero, the darkened line section ¢—d of the trace of FIG.
Sb is decidedly positive over a range of gate voltages
from slightly below 0 V to almost 0.5 V. Applicants
have found that a device with this characteristic is very
effective in cancelling the nonlinearity of the output
conductance of the device. This leads to a device capa-
ble of more linear operation and hence a greater dy-
namic range than with the devices described in an the
prior art.

In a reduction to practice, microwave tests were
performed at 10 GHz on both the prior art and the first
preferred embodiment structure. OIP3 results, shown in
FIG. 6, were 37 dBm for the prior art and 42 dBm for
the embodiment device. Although the new design was
not specifically optimized for low noise, the minimum
noise figure of the two designs were the same at approx-
imately 1.7 dB. Thus the dynamic range was increased

a significant 5 dB with the embodiment transistor.

As briefly discussed hereinabove in reference to
FIGS. 3a, 3b, 4a and 4b, an advantage of the low-low-
high doping profile structure is that it has the features of
an mverted high-electron-mobility transistor (HEMT).
A HEMT is generally a transistor comprised of two
different semiconductors of differing bandgaps. In a
standard HEM'T, a wide-bandgap highly-doped layer is
formed on top of a lightly-doped layer having a nar-
rower bandgap. The band discontinuity between the

- layers promotes the formation of a potential well at the

65

interface. A two-dimensional electron gas can be
formed in the well that provides superior carrier trans-

~port qualifies than does the surrounding bulk semicon-
~ductor. An inverted HEMT is characterized by a light-
ly-doped, low-bandgap, material on top of highly-
~doped wider-bandgap material. The usual inverted

HEMT uses aluminum gallium arsenide (AlGaAs) as
the bottom layer, with an overgrowth layer of GaAs.
Though commonly done, the growth of GaAs on Al-
GaAs can result in a GaAs layer having a high defect
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density, which in turn results in a transistor with infe-
rior performance characteristics. In contrast, the
growth of InGaAs on a GaAs generally results in lower
defect densities. Using GaAs for the highly-doped
wide-bandgap layer and InGaAs for the lightly-doped
narrow-bandgap layer, as in the preferred embodiment
discussed hereinabove, makes the structure very repro-
ducible and gives the desired transfer characteristics for

linear amplification.
While this invention has been described with refer-
ence to illustrative embodiments, this description is not

10

intended to be construed in a limiting sense. This inven-

tion can be applied to other material systems with vary-
ing mobilities such as Si/Ge, InP/InGaAs and so omn.
Further, it may be appreciated that the preferred em-
bodiment transistor described hereinabove may be used
in applications where MESFETSs or HEMTSs have tra-
ditionally been used, for example, low-noise microwave
receiver amplifiers, power amplifiers, switches, phase
shifters, and the like.

Various modifications and combinations of the illus-
trative embodiments, as well as other embodiments of
the invention, will be apparent to persons skilled in the
art upon reference to the description. It is therefore
intended that the appended claims encompass any such
modifications or embodiments.

What 1s claimed 1is:

1. A method for forming a field effect transistor com-
prising the steps of:

forming a channel between a source and a drain, the

forming of said channel comprising the steps of:

forming a first region of a first semiconductor ma-
terial having a first doping concentration;

forming a second region of a second semiconduc-
tor material having a second doping concentra-
tion above said first region;

forming a third region of said first semiconductor
material having a third doping concentration
above said second region, wherein said first dop-
ing concentration is higher than said second and
third doping concentrations; and

forming a gate electrode above said third region,

whereby an electrical current flows in said channel
primarily in said first region or primarily in said
second region by varying a voltage on said gate
electrode.

2. The method of claim 1 wherein said second semi-
conductor material has a narrower bandgap than said
first semiconductor material.

3. The method of claim 2 wherein said second semi-
conductor material has a higher electron mobility and
saturated velocity than said first semiconductor mate-
rial.

4. The method of claim 1 wherein said second semni-
conductor material is InGaAs and said first semicon-
ductor material is GaAs. |

5. The method of claim 1 wherein said substrate is
composed of GaAs, said first semiconductor material is
doped to a concentration of approximately 11013
cm—3, said second channel layer is doped to a concen-
tration in the rage of approximately 11016 to 1 1017
cm—3, and said third channel layer is doped to a concen-
tration in the rnage of approximately 1< 1016to 1 1017
cm—3. | |

6. A method for forming a field effect transistor,
comprising the steps of:
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8

providing a substrate;

forming a first channel layer over said substrate, said
first channel layer composed of a first semiconduc-
tor material;

forming a second channel layer over said first channel
layer, said second channel layer composed of a
second semiconductor material;

forming a third channel layer over said second chan-

nel layer, said third channel layer composed of said
first semiconductor material; and

forming a gate electrode over said third channel

layer;

wherein said second semiconductor material has a

narrower bandgap than said first semiconductor
material, and further wherein said first channel
layer has a higher doping concentration than said
second and third channel layers. |

7. The method of claim 6 wherein said first channel
layer and said second channel layer are formed to
contact one another along an interface, and wherein a
portion of a current is transferred across said layers by
a two-dimensional electron gas at said interface.

8. The method of claim 6 further comprising the steps
of forming drain and source contacts to said first, sec-
ond and third channel layers, wherein said transistor is
operable with a drain current from said drain contact to
said source contact, the level of said drain current being
dependent upon a voltage between said gate electrode
and said source contact, and further wherein a second
denivative of a change in drain current divided by a
change in gate voltage is positive at a gate voltage of
approximately 0 Volts.

9. The method of claim 8 wherein said second chan-
nel layer is formed to be approximately 100 A in thick-
ness and wherein said second derivative has a positive
first value.

10. The method of claim 9 wherein said second chan-
nel layer is formed to be greater than approximately 100
A 1n thickness, and wherein said transistor is character-
1zed by a second derivative having a positive second
value, wherein said positive second value is greater than
said positive first value. |

11. The method of claim 8 wherein said second chan-
nel layer is doped to have a doping concentration of
approximately 51016 cm—3, and wherein said second
derivative has a positive first value.

12. The method of claim 11 wherein said second
channel layer is doped to have a doping concentration
greater than approximately 5 X 1016 cm—3, and wherein |
said transistor is characterized by a second derivative
having a positive second value, wherein said positive
second value is greater than said positive first value.

13. The method of claim 6 wherein said second semi-
conductor material is formed of InGaAs and said first
semiconductor material is formed of GaAs.

14. The method of claim 8 wherein said second chan-
nel layer is formed of InyGaj-xAs, wherein x is approxi-
mately 0.17, and wherein said second derivative has a
positive first value.

15. The method of claim 14 wherein said second
channel layer is formed of InyGai,As, wherein x is
greater than approximately 0.17, and wherein said tran-
sistor is characterized by a second derivative having a
positive second value, wherein said positive second

value is greater than said positive first value.
B N
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